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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville
Degree
Doctor of Philosophy
.
College/Dept. Engineering/Mechanical Engineering with a specialization in Chemical
Engineering.
Name of Candidate
Javier Sanchez Santiago
.
Title Robust Support Media For High Throughput Chromatographic Separations.

Affinity chromatography is used to separate biomolecules based on highly specific
interactions, such as receptor and ligand, enzyme and substrate or antigen and antibody.
Traditional chromatographic separation systems have the disadvantages of low flowrates,
high pressure drop across the column, low capacity and poor reusability. Ceramic
monoliths have been previously used as active support for affinity chromatographic
columns due to their compact geometry and outstanding mechanical properties.

In

addition, mathematical models have been developed in order to determine the adsorption
and elution times depending on the monolith geometry.
The reversible interaction between L-asparagine and L-asparaginase has been
exploited, using a ceramic monolith coated with agarose as support, cyanate esters as
spacer arm and asparagine as ligand. As an alternative, this work uses a ceramic monolith
with a polymer coating, poly (L-lysine) as spacer arm and asparagine as ligand. This
method provides a more environmentally-friendly and safe approach since cyanide
chemistries are avoided in the preparation of the spacer arm.
The polymer coating based on poly (acrylic acid) was tested to characterize its
mechanical and adhesion properties, and infrared spectroscopy was used to characterize its
molecular properties. Poly (L-lysine) of different chain lengths was synthetized using the
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ring-opening polymerization of amino acid N-carboxy anhydrides and characterized by 1H
NMR spectroscopy. Coupling reactions between the polymer coating, poly (L-lysine) and
L-asparagine were performed using the EDC/NHS method, and proved successful. Finally,
the adsorption/elution experiments demonstrated reversible binding between L-asparagine
and L-asparaginase and served as a proof of concept for its application in protein separation
and purification.
The discoveries in this work will make an important contribution to a better
understanding of the use of ceramic monoliths as support in affinity chromatography.
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CHAPTER ONE

1. Introduction

1.1 Biomolecules separation
Biomolecules can be defined as any molecule that can be found in living organisms.
These molecules can be small, such as amino acids, or they can be large molecules such as
proteins. Biomolecules research is an important field directly related to pharmaceutical
research. According to the Pharmaceutical Research and Manufacturers Association
(PhRMA) the United States is the world leader in terms of research and development in
pharmaceuticals and also holds the intellectual property rights on most new medicines [1].
In order to develop better, safer and cheaper pharmaceutical products. Biomolecules need
to be studied in detail, so their properties and mechanisms can be understood. One of the
problems associated with the study of biomolecules is their isolation [2].
Biomolecules are usually hard to be synthetized chemically. In order to produce
them, metabolic engineering of microorganisms is used, allowing to design
microorganisms that synthetize the desired biomolecule [3]. As an example, in the case of
proteins, if the gene that produces certain protein or enzyme is known, biotechnology
procedures allow to clone the specific gene in bacteria Escherichia coli (E. coli) expression
vectors [4]. The bacteria will synthetize the biomolecule and the biomolecule will be

1

expressed out of the cell, but in some cases the biomolecule needs to be extracted from the
organism.
There are several procedures in biomolecule purification from E. coli. As an
example Dr. Joseph Ng’s research group in the Biological Sciences Department at
University of Alabama in Huntsville, studies the enzyme inorganic pyrophosphatase
(IPPase) [5]. Once the bacterial culture has grown, the following purification procedure is
used:
Bacterial cell cultures are stored in pellets inside a freezer at -81 degrees Celsius.
Each pellet contains approximately 20 grams of cells. The pellets are suspended in 100
mL of buffer. The buffer composition is 50 mM tris (hydroxymethyl) aminomethane hydrogen chloride (Tris-HCl) pH 8.2, 1 mM ethylenediaminetetraacetic acid (EDTA), 1
mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM dithiothreitol (DTT).

The

suspension is performed in an Erlenmeyer flask inside an ice bath, in order to prevent
degradation of the desired enzyme produced by the gradient in temperature.

The

suspension step lasts between 15 and 20 minutes.
After the sample is suspended in the buffer, it is necessary to break up the cells.
The rupturing is performed by sonication. Three cycles of 3 minutes are performed, with
1 minute between each cycle. This procedure breaks the outside membrane of the bacteria,
allowing the enzymes and other biomolecules to dissolve in the buffer, along with
unwanted products that need to be removed.
The solution is centrifuged at 15,000 rpm for 30 minutes. By centrifugation, the
cell membranes and other impurities that are not soluble in the buffer collect at bottom of
2

the test tube. The pellets of each tube are discarded and all the supernatants are collected
together and in an Erlenmeyer flask.
The collected supernatants are held in a thermostatic bath at 75 degrees Celsius for
45 minutes. This heat treatment allows the precipitation of non-desired biomolecules, but
does not affect the proteins and enzymes inside of the solution.
Once the solution has cooled down, it is centrifuged for a second time at 15,000
rpm for 30 minutes, and insoluble byproducts are removed. The supernatants obtained
contain a mixture of the desired enzymes and proteins.
The next step is the first chromatographic separation. A bio-rad ion exchange
chromatography column with a volume of 20 mL is used. This column is kept under 20%
ethanol solution in order to prevent fungus growth. Before running the protein solution
through the column, the ethanol is replaced with the appropriate buffer. This buffer is
called buffer A, and its composition is 50 mM Tris-HCl pH 8.2, 50 mM sodium chloride
(NaCl), 1 mM EDTA, 1 mM PMSF and 1 mM DTT. The amount of buffer A used is 5
times the column volume. The protein solution runs through the column with a flowrate
of 3 cm3 /min. The peristaltic pumps used in this procedure could provide a maximum
flow rate of 6.5 cm3/min, however at a larger flowrate the pressure generated by the pump
will break the column container.
Once the protein is adsorbed on the column, the elution process takes place, based
on ionic strength gradients. A mixture of buffer A and B is used to collect the proteins
from the column. The composition of buffer B is 50 mM Tris-HCl pH 8.2, 1 M NaCl, 1
mM EDTA, 1 mM PMSF and 1 mM DTT. The higher concentration of NaCl in buffer B
3

makes the elution process possible. The flowrate used is 3 cm3/min, using approximately
500 cm3 of each solution. The equipment has an automatic fraction collector that allows
the separation of the elution samples in fractions of 8 cm3 each, with each fraction
containing different types of biomolecules. This ion exchange column is used between 3
or 4 times before disposal, since no regeneration is possible. The overall time required for
this separation can take between 6 and 8 hours.
For the next separation step gel electrophoresis is used to determine which fractions
contain the desired biomolecule and if there is any other valuable product in the flow
through from the ion exchange column. The gel electrophoresis is a technique that allows
the identification of biomolecules by determining their molecular weight [6].

This

technique uses the mobility of the biomolecule through the gel compared to known
standards in order to determine the molecular weight. The gel electrophoresis last about 2
hours.
Once the desired fractions are identified, they are concentrated into a single sample
using filters of different molecular weights (10,000 – 20,000 – 30,000 kDa).
The sample with the desired concentrated fraction is diluted in a new buffer,
consisting of 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5
and 50 mM NaCl. This new sample is loaded into a second chromatographic column. This
column performs a separation based on the molecular weight of the biomolecules in the
solution. The samples collected from this column are concentrated into samples of
approximately 5 mL each. These samples are now ready for the crystallization process.
Table 1.1 contains each of the different steps and specific time required using traditional
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column chromatography. All the purifications steps combined sum almost 16 hours, being
11 of those hours the duration of the chromatographic separation.

Table 1.1 Time required for each purification step
Purification Step

Time required

Sample dilution

20 minutes

Sonication

15 minutes

Centrifugation

30 minutes

Heat bath

45 minutes

Centrifugation

30 minutes

Ion Exchange Chromatography

360 minutes

Gel electrophoresis

120 minutes

Filtration

30 minutes

Molecular weight chromatography

300 minutes

1.2 Chromatographic methods
One of the most important steps in biomolecules separation is the chromatographic
separation. It is the most time consuming step and also the most sensitive, because it allows
very specific separations. In the enzyme purification example explained in the previous
section, ion exchange and molecular weight separation are used. The different types of
chromatography techniques available nowadays are the following [7]:
5

Immobilized

metal

ion

affinity

chromatography

(IMAC):

This

chromatographic method is based on the interaction between proteins and specific amino
acids residues on their surface with divalent metal ions, which are immobilized with a
chelating ligand. The amino acids residues can be histidine, trypsin or cysteine, and the
metal ions Ni2+, Cu2+, Zn2+, and Co2+. This is one of the most reliable methods to separate
histidine-tagged proteins because the multiple histidine residues have a strong binding
while other cellular proteins do not bind or only weakly.
Gel filtration (GF): GF or size-exclusion chromatography, separates proteins
based on their molecular size. This type of separation allows to have different groups of
proteins with similar molecular size, and usually it is used for desalting and buffer
exchange of samples.
Ion exchange chromatography (IEX): IEX is a high resolution chromatographic
technique based on differences between the surface charge of the proteins, allowing a
reversible interaction between a charged protein and the chromatographic medium with
opposite charge. IEX allows the concentration of proteins during the binding process,
collecting them afterwards in a purified and concentrated form.
Hydrophobic interaction chromatography (HIC): HIC is used in intermediate
steps in the purification protocol. The separation is based on differences in hydrophobicity
of the proteins. High ionic strength buffer enhances the reversible interaction between the
proteins and the hydrophobic surface of the chromatographic medium.
Chromatofocusing: this chromatographic technique allows separation of proteins
based on differences in their isoelectric point, being able to separate proteins with
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isoelectric points separated by as little as 0.02 pH. The setback of this technique is that its
capacity is low and performs better with partially purified samples.
Reversed phase chromatography (RPC): RPC is also based on the
hydrophobicity of the proteins. It is a high resolution method, but it requires organic
solvents. Organic solvents can denature the structure of the protein, so this method is used
usually as a purity check of the protein samples, and not for protein separation, because the
recovery and activity of the proteins change after the process.
Affinity chromatography (AC): AC is based on a reversible interaction between
the proteins and specific ligands.
Figure 1.1 shows the different mechanisms used by the techniques explained above
[8]. Due to its importance, affinity chromatography will be explained further in the
following section.

Figure 1.1 Examples of different chromatographic methods

7

1.3 Affinity chromatography
Terminology used in affinity chromatography [9]:
Ligand: molecule that allows the reversible binding to the specific target molecule.
Matrix: substance that allows the ligand attachment. It has to be chemically and
mechanically stable, and it needs to have good flow properties and a high surface area.
Spacer arm: compound that connects the ligand to the matrix.
When affinity chromatography is used to separate proteins, the basis are reversible
interactions between the protein or group of proteins and the specific ligand attached to the
chromatographic matrix. These biological interactions vary from van der Waal’s forces to
electrostatic interactions, along with hydrogen bonding and hydrophobic interactions.
The advantages of affinity chromatography over other chromatographic techniques
are the high selectivity, capacity, resolution and recovery of the selected biomolecule,
resulting in the elution of highly concentrated solutions with high purity. It is possible to
separate native forms from denatured forms of the same protein, while allowing
purification of small amounts of the desired biomolecule from complex molecular mixtures
containing contaminating substances [9] [10] [11] [12].
In order to develop a purification system based on affinity chromatography, the
ligand, once attached to the matrix through the spacer arm, must retain the properties that
allow the specific binding for the target molecule. Additionally, the ligand has to maintain
the reversibility of the binding, allowing the elution of the unaltered target molecule. Some
examples of the interactions used in affinity chromatography are listed in table 1.2 [13].
8

Table 1.2 Interactions used in affinity chromatography
Biomolecule

Interaction

Enzyme

Substrate analogue, inhibitor, cofactor

Antibody

Antigen, virus, cell

Lectin

Polysaccharide, glycoprotein, cell surface receptor, cell

Nucleic acid

Complementary base sequence, histones, nucleic acid
polymerase, nucleic acid binding protein

Hormone, vitamin

Receptor, carrier protein

Glutahione

Glutathione-S-transferase of GST fusion proteins

Metal ions

Poly (His) fusion proteins, native proteins with histidine, cysteine
and or tryptophan residues on their surfaces.

An example of affinity chromatography separation has been illustrated in figures
1.2 to 1.5. Note that the biomolecules can be up to 1,000 times bigger in size and molecular
weight than the ligands, but in order to reduce the size of the figures, the biomolecules are
represented much smaller than their real size.
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Figure 1.2 Example of matrix (orange), spacer arm (blue) and ligand (red), and random
mixture of biomolecules

Figure 1.3 The target molecule binds to the ligand, allowing the other biomolecules to
leave the chromatographic column

Figure 1.4 In the elution process, the target molecule is recovered by changing the
conditions inside of the column

10

Figure 1.5 The affinity column is ready for the next operation

1.4 Objective
The objective of this study is to develop new techniques in the use of ceramic
monoliths as stationary phase in affinity chromatography systems. The matrix will be
supported in a ceramic monolith as a coating, using a polymer as spacer arm.
Previous studies used agarose as matrix supported over ceramic monoliths, with
cyanate esters as spacer arms and asparagine as ligand, to bind asparaginase [13] [14] [15].
In this work, the ceramic monoliths is coated with polyacrylic acid-based polymers, using
poly (L-lysine) as spacer arm and asparagine as ligand.
The first part of this study will focus on the synthesis of the matrix and spacer arm,
along with the coupling between the ceramic monolith, the spacer arm and the ligand. The
second part will focus on the adsorption/elution experiments, along with mathematical
computations that describe this phenomena.

11

1.5 Organization of the dissertation
This dissertation is composed of five chapters. The introduction to this research,
background on biomolecules separation, types of chromatography and affinity
chromatography are explained in Chapter One. Chapter Two is a discussion of the
preparation of the stationary phase, detailing the reasons of each component in the
preparation of the affinity chromatography column.

Chapter Three explains the

experimental methods and protocols followed in the preparation of the affinity
chromatography column, along with the analysis techniques performed. Chapter Four
contains the adsorption and elution experiments performed for the reversible binding
between L-asparagine with L-asparaginase. Finally, the conclusions obtained from each
work performed in this research and future work recommendations are explained in Chapter

Five In addition, there is an appendix that contains detailed information about all the
experiments performed during the course of this research.
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CHAPTER TWO

2. Preparation of the stationary phase

2.1 Ceramic monolith as support
Ceramic monoliths are used mainly as catalyst support for catalytic reduction of
nitrogen oxides. A ceramic monolith can be described as a collection of square (or
triangular) capillaries packed in a compact structure. Automotive catalyst monoliths are
usually made of synthetic cordierite, 2MgO∙2Al2O3∙5SiO2, by extrusion process [13] [16].
Because monoliths are used massively for automotive catalytic converter support, they are
a commodity-grade part that can be purchased in many forms and size.
Cordierite properties leads to particle orientation during the extrusion process along
with low overall expansion, which in the end gives the ceramic monolith these properties:
high thermal shock resistance along with low thermal expansion coefficient; easy coating
application and adherence due to porosity and pore size distribution; high melting point
(higher than 1450°C); chemical resistance to acidic and basic treatments [13] [16].
The extrusion process leads to high cell density (31–186 cells/cm2) and thin walls
(0.051–0.27 mm) [13] [14] [15]. This configuration, straight narrow parallel channels,
results in low flow pressure drop along the channels of the monolith [16] [17] [18]. In
addition, monoliths have higher mass transfer coefficients than random packed beds, due
13

to the macroporous structure inside of the channels [19] - [29] Figure 2.1 shows one of the
ceramic monoliths in this study.

Figure 2.1 Ceramic monolith consisting of cordierite
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The combination of all of the above characteristics allow for the use of ceramic
monoliths as supports for affinity chromatography, allowing higher performance, speed
and scale up properties than traditional random packed affinity chromatography columns,
Previous studies had shown the use of ceramic monoliths support for chromatographic
separations.

2.2 Poly (L-lysine) as spacer arm
Poly (L-lysine) is a standard biocompatible material, used in many biological
applications, including DNA condensation, transfection systems, antineoplastic activity
with some ascites tumor cells, and many more[30] [31] [32] [33].
L-lysine is an essential α-aminoacid used in the biosynthesis of proteins [18]. One
of the larger applications of L-lysine has been as animal feed instead of whole proteins, in
order to reduce nitrogen excretion [34].
Poly (L-lysine) was chosen as spacer arm due to its flexibility in terms of synthesis,
chain length and coupling properties. In the synthesis process, the chain length of the poly
(L-lysine) can be selected, in addition to adding other monomers to form copolymers if
needed.
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Figure 2.2 TFA-L-Lysine molecule (left) and poly (L-lysine) with hexylamine terminal
group (right)

2.3 L-Asparagine as ligand
L-Asparagine is an α-aminoacid used in the biosynthesis of proteins [35]. Unlike
L-lysine, L-asparagine is non-essential for humans, which means the human body can
synthetize it. In presence of L-asparaginase, L-asparagine transforms into L-aspartate, as
shown in figure 2.3 [36].
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Figure 2.3. Mechanism o reaction between L-asparagine and L-asparaginase
Previous studies used agarose as matrix, cyanate esters as spacer arm and
asparagine as ligand [13] [37] . L-asparagine was chosen as ligand due to its reversible
coupling with L-asparaginase. The presence of reversible coupling is a crucial property in
the development of affinity chromatography columns. It has been shown that Lasparaginase binds reversibly with L-asparagine as a ligand, hence L-asparaginase can be
eluted from the column.
Figure 2.4 shows the L-asparagine molecule. In order for the molecule to be active,
the terminal amide structure has to remain unmodified, since it is the active site where the
L-asparaginase binds to L-asparagine.
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Figure 2.4 L-asparagine molecule

2.4 Coupling the ligand to the spacer arm
Two possibilities were studied for the attachment of the ligand, L-asparagine, to
the spacer arm, poly (L-lysine).

The first approach consisted of synthetizing a block copolymer of L-lysine and Lasparagine using ring opening polymerization (ROP). This is the same technique used to
synthetize poly (L-lysine) and will be explained in detail in chapter 3. Unfortunately, the
synthesis of L-asparagine NCA was unsuccessful in this study.

The second approach is to attach the L-asparagine to the side chain in the poly (Llysine). This can be performed utilizing 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and N-hydroxysulfosuccinimide (NHS). This method is known as EDC/NHS
coupling. The mechanism is shown in figure 2.5 [38].
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Figure 2.5 EDC/NHS mechanism for the coupling between a carboxyl and an amine group
EDC gets coupled to the carboxylic acid group forming an unstable intermediate
compound. Once the intermediate compound is formed there are three possibilities: (1) the
intermediate compound can react with the primary amine of a second molecule and form a
stable conjugate (amide bond), (2) it can be hydrolyzed to return to the original
configuration, or (3) it can form an amine reactive ester. This ester will react with the
primary amine of the second molecule forming the amide bond between the molecules.

Using the EDC/NHS method, the carboxylic acid group of the L-asparagine will be
attached to the primary amine of the side chain of poly (L-lysine), leaving the active group
unmodified so the L-asparaginase can bind to the ligand, as it can be seen in Figure 2.6.
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Figure 2.6 Poly (L-lysine) coupled with L-asparagine using EDC/NHS

2.5 Coupling the spacer arm to the matrix
Since the ceramic monolith is chemically inert, we had to develop a procedure to
coat the monolith that will allow to attach the spacer arm to the monolith surface. The
main and only purpose of the monolith coating is to link the spacer arm to the monolith
matrix. For the spacer arm to attach to the coating, the coating material is required to have
active groups on the surface. In addition, the coating layer has to be thin, to preserve the
flow area of the channels, and has to be chemical stable after the coating process to avoid
reacting with the biomolecules that will be present when a complex bio-mixture flows
through the monolith channels. Three different options were studied:
The first option is to adsorb the spacer arm and the ligand into the monolith directly.
This approach was rapidly discarded because the poly (L-lysine) spacer arm with the Lasparagine ligand were not strongly attached to the monolith walls and were not retained
by the monolith under flow conditions.
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For the second option, two different polymers were used: the first one was poly
(acrylamide-acrylic acid, sodium salt), molecular weight > 10,000,000 40% carboxyl
groups from Polysciences, Inc. This approach presented several challenges. First, the
polymers need to be in a solution for the coupling. Since the molecular weights are so
high, solutions were highly viscous even at low concentrations, creating a limitation to the
mass transfer process needed to perform the coupling with the poly (L-lysine). This
problem could be solved by diluting the solutions until an acceptable viscosity is achieved.
Another problem is the polymer is water soluble. Since the absorption/elution experiments
with L-asparaginase are performed in an aqueous solution, the monolith coating will
dissolve resulting in no absorption on its surface.
The second polymer used was non soluble in water, with the ability to coat the
monolith and have active groups capable of reacting with the poly (L-lysine). Michem
Prime products, which consist of poly (ethylene acrylic acid) dispersions with different
compositions, along with other components [38]. Four different products were used, all of
them water suspensions, which means that they will not be dissolved in the
absorption/elution process. In addition, their chemical and mechanical properties, once
they are dry, are suitable for the purpose of this research. The description of the products
in the manufacture website states that their products are “Michem® Prime functionalized
copolymer dispersions deliver the flexibility, water/chemical resistance and barrier
properties of polyethylene in a water-based form. Property enhancements include;
excellent clarity, adhesion, lower heat seal temperature, toughness, and crosslinkability”
[38].
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CHAPTER THREE

3. Experimental methods

3.1 Monolith coating
Samples were prepared using four different solutions: Michem Prime 4983-40R,
Michem Prime 4983R, Michem Prime 4990R and Michem Prime 5931. The samples were
prepared on microscope slides, with an area of 18.75 cm2. The experimental procedure was
as follows:
-

Weigh each slide in an analytic scale, obtaining m1 of each slide.

-

With a brush, a small quantity of one of the solutions was deposited over the slide
in a horizontal position. In the first set of experiments, each bottle was shaken
before applying the solution in order to apply a homogeneous surface. This step led
to the appearance of air bubbles inside of the coating layer, with the result of a nonuniform film after the drying process. In the second set of experiments, the content
of each bottle was stirred with a brush and then the coating layer was applied with
the slide in a vertical position. The excess of polymer was removed with the effect
of gravity, leading to thinner and more uniform films.

-

Weight of the slide with the solution, obtaining m2.
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-

After letting the sample dry for 24 hours, the weight of the slide with the dry solute
was obtained, m3.

The following parameters for each coating layer were obtained:
-

Weight of the solution, m4= m2- m1.

-

Weight of the solute, m5= m3- m1.

-

Weight of the solvent, m6= m4- m5.

-

% Weight of solute, %w=(m5/m4)*100

-

Weight of solute per area, m5/(slide area)

These parameters can be found in Table 3.1 and Table 3.2.
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Table 3.1 Characterization of Michem Prime samples (part 1)
MICHEM PRIME 498340R
498340R
291162

Samples over microscope slides
slide area (cm^2)

Sample #

Weight
slide (g)

Weight
wet (g)

Weight
dry (g)

1
2

4.5084
4.5102

4.8044
5.0617

4.6360
4.7516

Chemical
MP
LOT

Weight
solution
(g)
0.2960
0.5515

Weight
solute
(g)
0.1276
0.2414

Chemical
MP
LOT

MICHEM PRIME 4983R
4983R
081313L

Samples over microscope slides

Sample #

Weight
slide (g)

Weight
wet (g)

Weight
dry (g)

3
4

4.4734
4.4998

4.9673
4.8809

4.6099
4.6029

Weight
solution
(g)
0.4939
0.3811

Weight
solute
(g)
0.1365
0.1031

Chemical
MP
LOT

MICHEM PRIME 4990R
4990R
073113L

Samples over microscope slides

Sample #

Weight
slide (g)

Weight
wet (g)

Weight
dry (g)

5
6

4.5086
4.4818

5.1369
4.8315

4.7393
4.6067

Weight
solution
(g)
0.6283
0.3497

Weight
solute
(g)
0.2307
0.1249

Chemical
MP
LOT

MICHEM PRIME 5931
5931
081313L

Samples over microscope slides

Sample #

Weight
slide (g)

Weight
wet (g)

Weight
dry (g)

7
8

4.5042
4.5096

5.0740
4.8771

4.6737
4.6187
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Weight
solution
(g)
0.5698
0.3675

Weight
solute
(g)
0.1695
0.1091

18.75

g/cm^2
0.00681
0.01287

g/cm^2
0.00728
0.0055

g/cm^2
0.0123
0.00666

g/cm^2
0.00904
0.00582

weight
solvent
(g)
0.1684
0.3101

weight
solvent
(g)
0.3574
0.2780

weight
solvent
(g)
0.3976
0.2248

weight
solvent
(g)
0.4003
0.2584

%
solid
43.1
43.8

%
solid
27.6
27.1

%
solid
36.7
35.7

%
solid
29.7
29.7

Table 3.2 Characterization of Michem Prime samples (part 2)
Chemical

MICHEM PRIME 5931

MP
LOT

Samples over
microscope slides

5931
081313L

Sample
#

Weight
slide (g)

Weight
wet (g)

Weight
dry (g)

Weight solution (g)

3
4

4.5105
4.5406

4.6711
4.7288

4.5578
4.5960

0.1606
0.1882

MICHEM PRIME
4983-40R
498340R
291162

Chemical
MP
LOT

Weight
solute g/cm^2
(g)
0.0473 0.00252
0.0554 0.00295

weight
solvent
(g)
0.1133
0.1328

%
solid
29.5
29.4

Samples over microscope slides

Sample
#

Weight
slide (g)

Weight
wet (g)

Weight
dry (g)

Weight solution (g)

5
6

4.5038
4.5238

5.5619
5.6060

5.0024
4.9931

1.0581
1.0822

Weight
solute g/cm^2
(g)
0.4986 0.02659
0.4693 0.02503

weight
solvent
(g)
0.5595
0.6129

The results obtained showed that Michem Prime 5931, produces thin and uniform films
on the microscope slides. Michem Prime 4983-40R produced films that were uniform and
not thick, easily removable from the microscope slide. Michem Prime 4983R and Michem
Prime 4990R formed crystalline structures pm the microscope slide, which were hard to
remove.
Figure 3.1 shows a glass slide coated with a relatively thick coat of Polymer Michem
Prime 4989-40R. Films as the one shown in Figure 3.1 were prepared for subsequent
attenuated total reflection (FTIR-ATR) analysis. Figure 3.2 shows a slide coated with
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%
solid
47.1
43.4

Michem Prime 5931 polymer with a thickness of less than 100 m. These clearly
transparent films were prepared for subsequent coupling of protein-specific ligands via a
spacer arm.

Figure 3.1 Michem Prime 4989-40R coated onto a slide, still in the wet state, prior to
solvent evaporation
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Figure 3.2 Michem Prime 5931coated onto a slide in a thickness of less than 100 m, in
the dry sate, showing a clearly transparent film

The coating of ceramic monolith slabs, delivered the same quality and grade of
adhesion of the film to the monolith. Figure 3.3 and figure 3.4 show different Michem
Prime products coating monolith slabs.
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Figure 3.3. Michem Prime 5931coated onto a monolith slab
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Figure 3.4 Michem Prime 4989-40R coated onto a monolith slab
The properties of the Michem Prime coatings were analyzed using FTIR
spectroscopy. This analytical technique is based on measuring the changes that occur in a
totally internally reflected infrared (IR) beam when the beam comes into contact with a
sample. The infrared beam is directed onto an optically dense crystal at a certain angle.
The crystal has a high refractive index. Due to the internal reflectance of the crystal, an
evanescent wave is created, and this wave extends beyond the surface of the crystal in the
sample held in contact with the crystal. There must be good contact between the sample
and the crystal surface, because this evanescent wave penetrates the sample only a few
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microns. The evanescent wave will be attenuated or altered in regions where the sample
absorbs energy. This energy change is passed back to the IR beam, which exits the opposite
end of the crystal and goes to the detector in the IR spectrometer. With that information,
the system generates the infrared spectrum. There are two requirements that must be met:
the first requirement is that the sample must be in direct contact with the crystal since the
wave will only extend 0.5 µ - 5 µ beyond the crystal, and the second requirement is that
the refractive index of the crystal must be significantly greater than that of the sample,
otherwise the internal reflectance will not occur. It is safe to assume that the majority of
solids and liquids have much lower refractive indices than the FTIR crystal [23]. Figure
3.5 shows the schematics of FT-IR spectrometer and Figure 3.6 shows the spectrometer
used in this research, PerkinElmer model Spectrum Two [39].

Figure 3.5 Schematics of ATR FT-IR spectrometer
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Figure 3.6 PerkinElmer Spectrum Two used in this study
In order to analyze the Michem Prime samples with the FT-IR spectrometer, the
samples must be thicker than the coatings showed in figures 3.1 through 3.4. The thickness
of these samples were not enough to guarantee a good contact between the sample and the
ATR crystal. These new samples were prepared pouring 10 mL of Michem Prime in a 50
mL beaker and letting the water evaporate. After that, a slab was cut and placed on the FTIR crystal. The pressure applied on the sample was always around 50% of the maximum
that the equipment can hold. Values lower than 50% make the IR spectra hard to read, and
values higher than 50% can break the ATR crystal.
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Figure 3.7 shows the IR spectra of Michem Prime 4983-40R.

Since the

compositions of the Michem solutions is unknown, this IR spectrum was used as baseline
when analyzing the coupling of the poly (L-lysine) as spacer arm.
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Figure 3.7 IR spectra of Michem Prime 4983-40R
Another important property of Michem prime solutions is their behavior in acid and
basic environments while they are still in suspension. Adding water to any of the Michem
Prime suspension will result in a more diluted suspension, but their characteristics will
remain the same in terms of reactivity. When HCl 0.1M is added to the Michem Prime
suspension, it forms acid, with the precipitation of poly (acrylic acid. When NaOH 0.1M
is added to the Michem Prime suspension, the sodium salt is formed and the product
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remains soluble. These effects are reversible since by adding more acid/base to the solution
reverses the prior effect. Figure 3.8 shows the effect on Michem Prime suspensions of
adding a NaOH or HCl solutions.

Figure 3.8 Effect of basic pH (left) and acid pH (right) in Michem Prime suspension

3.2 Poly (L-lysine) synthesis
Poly (L-lysine) was synthetized by the ring opening polymerization of
trifluoroacetyl-L-lysine N-carboxy-anhydride. The polymerization is living and allows for
a strict control of the molecular weight of poly (L-lysine) [40] - [45].
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The NCA of N-trifluoroacetyl-L-lysine (TFA-L-lys) was synthetized using the
Fuchs-Farthing method [40]. The COCF3 protective group at the amino side group is
necessary to prevent the reaction of that group. Figure 3.9 shows a schematic of the TFAL-lys molecule.

F

F
F

O
NH

NH2
O
HO

Figure 3.9 N-Trifluoroacetyl-L-Lysine
Using Fuchs-Farthing method, to form the NCA ring, L-lysine has to react with
phosgene COCl2. Triphosgene C3Cl6O3, was used instead of phosgene for safety purpose,
since it is solid and decompose into phosgene. In addition, the HCl generated during the
reaction is scavenged with α-pinene. The scheme of the reaction is shown in Figure 3.10.
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Figure 3.10 N-carboxy anhydrides formation

In a standard procedure,1g of TFA-L-lys was dissolved, along with triphosgene
(2.752 g, 9.273 mmol), and α-pinene (2.41 g, 17.7 mmol) in 40 cm3 ethyl acetate. The
reaction mixture was heated to reflux (110 °C) under magnetic stirring until the mixture
became transparent. Glassware and stir bars were dried at 145–155 °C for 24 h in order to
have an anhydrous mixture. Gas evolution was routed through the top of the condenser
into a potassium hydroxide, KOH, bubbler. Figure 3.11 shows the reaction setup. Poly
(L-lysine) was synthetized instead of buying a commercial product because the chain
length can be modified as needed. This allows to use poly lysine as a smaller or larger
spacer arm depending on the enzyme that is going to be adsorbed from the media. For this
study, several batches of poly (L-lysine) were synthetized. The chain length used was 60
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repeated units. Table 3.3 shows the amount of each chemical used in the NCA synthesis
of one of the polymers synthetized, batch 1 for reference.

Table 3.3 Chemicals used in NCA synthesis of Poly (L-lysine) batch 1
Chemical

Moles

Grams

TFA-L-Lysine

0.00826

2.0013

α-Pinene

0.01736

2.3601

Triphosgene

0.00991

2.9431

Volume Ethyl Acetate

55 cm3

It is important to notice that α-pinene and triphosgene are in excess. First the Llysine is dissolved in half of the amount of ethyl acetate, then pinene is added. Triphosgene
is dissolved in the rest of ethyl acetate and added to the mixture. Anhydrous conditions
must be kept from the NCA synthesis to the polymerization reaction, because the presence
of water will hydrolyze the NCA ring reverting it to α-aminoacids.
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Figure 3.11 NCA reaction setup
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Once the mixture was cooled down and filtered; the filtrate was concentrated via
rotary evaporation, at 35 °C and reduced pressure. Crystallization was performed within a
mixture of ethyl acetate/hexanes using a standard freezer at −20 °C overnight. Figure 3.12
shows the Labconco rotary evaporator used.

Figure 3.12 Labconco rotary evaporator
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The crystals were filtered, vacuum dried, and dissolved in a minimal amount of
ethyl acetate at 25 °C. Small amounts of hexane were added until cloudiness persisted. The
suspension was filtered into a Schlenk flask purged with dry argon gas, put into an ice bath,
and hexane was added until recrystallization occurred.
crystallization process.

Figure 3.13 NCA second re-crystallization setup
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Figure 3.13 shows the

Once the NCA is formed and transferred to Dimethylformamide (DMF), an initiator
is added. In this study hexylamine CH3(CH2)5NH2, as used and the amino group initiated
the ring opening reaction of the NCA. This living polymerization will continue until all
NCA has reacted. In order to control the polydispersity, urea is added to the reaction to
break the interactions between the polymer chains with respect to each other. The ROP is
performed anhydrously in a Schlenk line. The polymerization reaction is shown in figure
3.14.
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Figure 3.14 Ring Opening Polymerization reaction

In order to keep anhydrous conditions, hexylamine must be distilled prior to the
polymerization reaction. Figure 3.15 shows the hexylamine distillation setup. The oil bath
was kept at 150 degrees Celsius, since hexylamine boiling point is 131.5 degrees Celsius.
The first distilled fraction was returned to the bottle because it can contain traces of water.
The distilled hexylamine was used within 24 hours of its distillation.
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Figure 3.15 Hexylamine distillation

The amount of hexylamine is based upon the amount of NCA, and the chain length
is determined by the monomer/initiatior ratio. The amount of DMF is calculated so that a
0.1M solution of TFA-L-lys NCA is obtained, along with 0.2M of urea. The urea is grinded
and kept under vacuum before the polymerization reaction to ensure anhydrous conditions.
Since the mixture of urea/DMF has to be degassed before the polymerization, 2-3 cm3 of
extra DMF will be added because the vacuum pump will evaporate some of it. Table 3.4
shows the amounts of each chemical used in the polymerization reaction for poly (L-lysine)
batch 1.
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Table 3.4 Chemicals used for polymerization reaction of poly (L-lysine) batch 1
Chemical

Moles

Grams

cm3

TFA-L-lys NCA

0.0069

1.88

-

DMF

-

-

69.63

Urea

-

0.836

Hexylamine

1.16∙10-4

-

0.01525

In a typical reaction, urea (75.39 mg, 1.26 mmol) was dissolved in 6.3 cm3 of
Dimethylformamide (DMF) under argon and degassed under vacuum. The urea/DMF
mixture was added to dissolve the TFA-L-lys NCA (340.9 mg, 0.0628 mmol) under argon
flow. Using a dry syringe and needle, hexylamine was added to the Lys-NCA/urea/DMF
mixture to initiate the polymerization reaction under argon.

As a recommendation,

hexylamine should be added at once to reduce the polydispersity of the mixture. The
polymerization was conducted for 1–2 days, while periodically purging the sample of CO2
and replacing with argon. The reaction was complete when the gas evolution and, hence,
buildup of pressure ceased. The reaction mixture was concentrated by rotary evaporation.
Tetrahydrofuran (THF) was added to the crude product and stirred for 30 min. The solution
was then filtered in order to remove urea. The filtrate was concentrated again to 1–2 cm3
of solution and placed into a dialysis bag. The polymer was purified by dialysis against
distilled water for 2 days using a Spectra/Por CE membrane (MWCO 3500 g/mol) and
isolated by freeze-drying. Figure 3.16 shows the dialysis in distilled water and figure 3.17
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shows the lyophilizer used, Labconco freeze dry system model Freezone 4.5. The polymer
was characterized by proton nuclear magnetic resonance (1H NMR).

Figure 3.16 Dialysis of the poly (L-lysine) polymer
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Figure 3.17 Lyophilizer Labconco model Freezone 4.5
Finally, a deprotection of the TFA group was performed. The polymer was
dissolved in 40 cm3 of 90% methanol 10% H2O along with 120 mg of Potassium Carbonate
K2CO3 and was refluxed at 70°C for 4 hours. The polymer was purified by dialysis against
distilled water for 2 days using a Spectra/Por CE membrane (MWCO 3500 g/mol) and
isolated by freeze-drying. The polymer was characterized by 1H NMR.
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1

H NMR spectra were recorded on a Varian Unity Inova 500 (500 MHz)

spectrometer equipped with a 5-mm triple resonance inverse detectable probe, as shown in
figure 3.18. All spectra were recorded at 25 degrees Celsius. Each sample consisted of 5
mg of polymer dissolved in either deuterated trifluoroacetic acid (TFA-d), dimethyl
sulfoxyde (DMSO) or deuterated water (D2O).

Figure 3.18. Varian Unity Inova 500 spectrometer
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For the evaporation of DMF, it is important to add a liquid N2 trap between the
rotary evaporator and the vacuum pump to prevent DMF reaching the pump. After the
extraction with THF and filtration, one sample of the filtrate is tested with deionized water
for solubility. If it is soluble, it means that the filtrate is urea and minimal amount of
polymer has been lost in the filtration process. The polymer solved in THF is placed in a
dialysis bag. While the polymer is still in THF, the solution inside of the bag remains
transparent, but as time passes the solution becomes cloudy as water replaces THF. Once
all the THF is removed, the solution can be frozen using liquid N2 and water is removed
by lyophilization.
After the purification of the protected poly (L-lysine), it is analyzed by 1H-NMR.
Figure 3.19 shows the results for batch 1 in TFA.
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Figure 3.19 1H NMR spectra of protected poly (L-lysine) batch 1 in TFA

The 1H NMR spectra was normalized using peak number 5. This peak corresponds
to the methyl group in the hexylamine. Peak number 4 is the chiral carbon in the back bone
chain and an indication of the length of the poly (L-lysine). Peaks 2 and 3 correspond to
the methylene groups in the side chain.
For the deprotection reaction, the protected polymer is dissolved in 95% methanol
and 5% water. Potassium carbonate is used in a 3 fold excess. Higher amounts of
potassium carbonate will lead to a faster deprotection reaction, but if the amount added is
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high, the polymer can be degraded, so the number of moles added should be always
between 3-5 times the moles of polymer.
After the deprotection reaction has finished, the polymer solution is placed in a
dialysis bag to remove the methanol. The procedure is the same as for the protected
polymer. Figure 3.20 shows the reaction scheme.
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Figure 3.20 Deprotection reaction of poly (TFA-L-lysine)

After the purification of the deprotected poly (L-lysine), it is analyzed by 1H-NMR.
Figure 3.21 shows the results for batch 1 in TFA.
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Figure 3.21 1H NMR spectra of protected poly (L-Lysine) batch 1
The 1H NMR spectra was again normalized using peak number 5, corresponding to
the methyl group in the hexylamine. Peak number 4 indicates the length of the poly (Llysine), peak 1 corresponds to the amine group at the end of the side chain and peaks 2 and
3 correspond to the methylene groups in the side chain. The difference with respect to the
protected poly (L-lysine) is that peak number 1 shifts downfield.

The degree of

deprotection can be followed by the chemical shift of peak number 1. If the deprotection
reaction is not complete and there are still parts of the polymer protected, both peaks will
appear in the spectrum. That is the reason for taking the spectra before and after the
deprotection, so they can be compared to each other. .
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Appendix A contains more information about the other poly (L-lysine) syntheses
performed during this investigation.

3.3 Coupling Poly (L-lysine) and L-Asparagine
The first approach to couple poly (L-lysine) and L-asparagine was to form a block
copolymer between them. The same protocol as for the formation of TFA-L-lysine NCA
was used for L-asparagine. 1H NMR was used to characterize L-asparagine, L-asparagine
NCA and poly (L-asparagine), figures 3.22, 3.23 and 3.24 respectively.
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B
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Figure 3.22 1H NMR spectra of L-asparagine in D2O
In figure 3.22, the peak at 4.7 ppm corresponds to the solvent, while peaks A and
B corresponds to the amide carbon and the amine carbon, respectively.
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Figure 3.23 1H NMR spectra of L-asparagine NCA in D2O
Figure 3.23 shows the peaks produced by NCA of L-asparagine. Peak at 4.7 is the
solvent, while peaks A and B correspond to the only two carbons with hydrogens in the
NCA. Peaks and 2 and 1 ppm are dirt.
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Figure 3.24 1H NMR spectra of poly (L-asparagine)

Direct polymerization of L-asparagine NCA was abandoned since no protected
asparagine was available. There is a possibility that the terminal amide group initiates
polymerization as well, which leads to unspecific side reactions and side products. A
representative spectrum is shown in figure 3.24
The second approach, was based on using EDC/NHS coupling to attach the ligand
to the spacer arm. In the first experiments, the ratio used for polymerization was 1 unit of
L-lysine in the polymer to 1 molecule of L-asparagine. In previous studies similar reactions
were performed with an aqueous solution of 0.5% weight of coupled molecules, 1% weight
EDC and 0.5% weight NHS. This coupling was performed with an aqueous solution of
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0.25% weight L-asparagine, 0.25% weight poly-(L)-lysine, 1% weight EDC and 0.5%
weight NHS. The experimental procedure followed to couple poly lysine and asparagine
was:
In a vial, 8× 10-6 moles of poly (L-lysine) were dissolved in 9.8 cm3 of distilled
water pH 6.5, using a magnetic stirring bar. Then, 0.0004 moles of L-asparagine were
dissolved in this solution, letting some time for the asparagine to dissolve. Finally, 0.105
g of EDC and 0.0512 g of NHS were added simultaneously. The mixture was left stirring
for 24 hours. Subsequently, dialysis was performed for 48 hours to remove the unreacted
asparagine. A dialysis with a 3500 MW cut-off was used. The solution was freeze dried
and a sample was characterized by 1H NMR, see figure 3.25.
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Figure 3.25 1H NMR spectra of poly (L-lysine) coupled with L-asparagine
As before, peak 5 corresponds to the methyl group in hexylamine. Peak number 4
is an indication of the length of the poly (L-lysine). Peaks 1,2,3 correspond to the methylene
groups in the side chain. The difference is now in peak group in region 6. Ideally, the final
product should be as shown in figure 3.24. The reality is that since EDC/NHS coupling
uses the carboxylic acid to bind with amine groups, at the end the final product is a random
mixture of all the different products that can be formed when L-asparagine is added to poly
(L-lysine). As an example, L-asparagine can be coupled with itself to form dimers, or it
can be coupled in the desired way with poly (L-lysine) but another L-asparagine can couple
to this compound to form a different one. Because of this, it was thought that a 2D NMR
will be needed in order to obtain more information about how this coupling was performed,
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since some of the products formed will not be useful for the chromatography objective.
Due to the random nature of EDC/NHS coupling, each time that the coupling is performed
the results can be different, because it is assumed that carboxylic acid groups will react
with amino groups in presence of EDC/NHS and there is no method to control how the
molecules will react with each other in the solution.
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Figure 3.26 Desired poly (L-lysine) coupled with L-asparagine product
Even though plenty of the final products of L-asparagine coupled with poly (Llysine) will not be reactive with L-asparaginase and will not bind it, statistically some of
them will have the active group in the ligand ready to perform the binding. Even if this
number is small, the size of L-asparaginase is huge in comparison with the L-asparagine
ligand. In the ideal situation were all the L-asparagine was coupled in the right position to
react with L-asparaginase, the size of the enzyme will prevent binding itself, since one
molecule will cover more than one ligand, even if it is only attached to one of them. The
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final conclusion was that there will be inactive ligand groups in the mixture, but the number
of active ones will be high enough to perform the experiments.

3.4 Coupling Poly (L-Lysine) with Michem Prime.
Several experiments were performed in order to couple poly lysine to the
Michelman products. Two different approaches were taken.
In the first approach, the monolith was coated with Michem Prime and then the
coupling of the poly (L-lysine) to the film was performed. The coupling was performed
placing a sample of monolithic support coated with Michelman products in an aqueous
solution of 0.5% weight poly lysine, 1% weight EDC and 0.5% weight NHS. The reaction
proceeded for 24 hours. Once the sample was dry, IR spectra of the coating surface was
obtained and compared with the spectra of the unreacted surface.
In a second approach, the coupling of the poly (L-lysine) to the Michelman product
was performed first, and afterwards the product was coated onto the monolith. While this
method allows for the coupling of the poly (L-lysine) to the Michelman product, it changes
its mechanical properties once the coating is performed.
Using the first approach, coating the monolith and then performing the coupling
reaction, shows that Michem Prime 4983-40R are chemically inert once dry. These
experiments have been repeated several times with reagent different ratios, but all of them
show that once the Michelman product is dry, its properties make it chemically stable and
unable to react with EDC/NHS coupling indicating that no partial solubilization of the
surface carboxyl groups took place. Infrared Spectroscopy analysis demonstrates that the
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surface is not altered once dry. Figures 3.27 and 3.28 shows the IR spectra of Michelman
products before and after the EDC/NHS coupling respectively. The number of peaks in
each spectra is the same, with the only difference being the intensity of the signal. This
intensity depends on the sample thickness and also in the position of the sample over the
crystal.
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Figure 3.27 IR Spectra of Michem Prime 4983-40R dry
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Figure 3.28 IR Spectra of Michem Prime 4983-40R dry after EDC/NHS reaction
Therefore subsequent experiments were performed while the Michelman product
as still partially solvated. Since EDC/NHS coupling has to be performed under stirring,
several problems aroused from this approach: first, once the monolith (or microscope slide)
is coated, it is hard to maintain immersed in a solution under constant stirring, in order to
maintain the concentration as uniform as possible. The second problem is that if the coating
is only partially dry, once it is in contact with water and EDC/NHS it will be dissolved into
the solution again, so only the fraction of coating that is completely dry will remain on the
surface.
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In a second approach, the coupling of poly (L-lysine) to the Michelman product
was performed first, and afterwards the coating of the polymer. While this method allows
the coupling of the poly (L-lysine) to the Michelman product, it changes its properties once
the coating is performed, as it can be shown in Figure 3.29, while Figure 3.30 shows the
reaction mechanism.

Figure 3.29 Michelman 4983R coupled with poly (L-lysine) over microscope slides
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Figure 3.30 Reaction mechanism between the Michelman product and poly (Llysine)
IR Spectra show the successful coupling between the Michelman product and the poly
lysine. The peak at 1650 cm-1 indicates an amide bond.
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Figure 3.31 IR Spectra showing the amide bond between the Michelman product
and poly (L-lysine)
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These experiments have been performed using different concentration ratios,
obtaining the amide bond in all of them as Figure 3.32 shows. The amide bond was present
in all samples, with different intensities depending on the concentration used. But poly (Llysine) has also many amide bonds, so the results are no conclusive in terms of covalent
attachment, but physical attachment can be concluded.
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Figure 3.32 IR Spectra showing the amide bond between the Michelman product
and poly lysine at different ratios
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This approach presents a problem when the final product is coated onto a
microscope slide. Its adhesion properties change so drastically that after 10 minutes in an
aqueous solution, the film is no longer attached to it. Figure 3.33 shows the behavior of a
microscope slide coated with poly (L-lysine) attached to Michelman product when it is
introduced in an aqueous solution.

Figure 3.33 Behavior of microscope slide coated with poly (L-lysine) and
Michelman product
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The same coating was performed onto a monolith slab. After being submerged in
water overnight, the coating was still attached to the monolith, since there was no coating
in the solution. This indicates that the monolith porosity makes the coating stay inside of
the channels.

3.5 Coupling Poly (L-lysine), L-asparagine and Michem Prime
While the previous sections explained how to couple the coating to the spacer arm
or the spacer arm to the ligand, the final step was to couple everything together, i.e. the
Michelman product, poly (L-lysine) and L-asparagine. In order to find the correct ratios
for the reactions, there are several key points to take into account:
-

The major component in the reaction will be the Michelman product, since the
monolith has to be coated as much as possible in order to prevent any of the
biomolecules to get trapped due to the porosity of the monolith.

-

The second major component is the poly (L-lysine), since there need to be enough
amino groups for the L-asparagine to get attached.

-

The most important component, the L-asparagine, has to be coupled the last one, so
the active groups will not react with anything else and can bind to L-asparaginase.
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The protocol designed to perform the reactions was:


Dissolve the desired amount of poly (L-lysine) in water.



Add the Michelman product and mix until homogeneous mixture is
obtained.



Add EDC/NHS and stir for 24 hours.



Add the desired amount of L-asparagine and wait until it is dissolved.



Add EDC/NHS and stir for 24 hours.



Place the mixture in a dialysis bag in order to remove the unreacted Lasparagine, EDC and NHS.

Figure 3.34 shows a simplified version of the final product obtained, with a four
repeated units poly (acrylic acid) chain attached to a three repeated units poly (L-lysine)
chain, and the L-asparagine ligand attached to it. The real product will be a random mixture
of chains attached to each other in several points, forming a network impossible to
represent in a figure.
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Figure 3.34 Final reaction product
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CHAPTER FOUR

4. Chromatography experiments

4.1 Preparation of the monolith core
Adsorption/desorption experiments were performed using a monolith core,
removed from a larger monolith part, and placing the cylindrical core inside a
chromatographic bead column container. In order to obtain the monolith core, the ceramic
monoliths were sliced into 4 cylindrical slabs of the same size using a hand saw. With a 1
inch hole saw attached to a drill press, several monolith cores were created from a single
slab. Since the diameter of the hole saw was slightly bigger than the inner diameter of the
bead column container, a belt/disc sander was used to reduce the diameter of the core to
the right size. This lead to each core being unique in terms of diameter, length and number
of channels. The monolith cores were finally cleaned using compressed air. Figure 4.1
shows the tools used to create the monolith core and figure 4.2 shows the comparison of
the monolith core versus the whole ceramic monolith.
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Figure 4.1 Drill press and belt/disc sander used to prepare the monolith core

Figure 4.2 Ceramic monolith and monolith core
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4.2 Coating of the monolith core
The monolith core was weighed to determine the solid mass and the number of
unbroken monolith channels was counted in order to determine flow and mass transfer
properties. Coating of monolith channels must be done taking care to prevent filling up the
channels with material. If a channels is full of coating material there cannot be flow through
it and the channel surface is not available for adsorption. In addition, when the Michem
Prime coating suspensions were left in contact with the monolith they separated into a
heavy suspension and a clear liquid.
To prevent coagulation of the suspension by long contact with the monolith, the
monolith core was carefully coated in all channels by transferring the suspension with a
transfer pipet and letting the monolith to dry. This approach works but is tedious and slow
to proceed, since several coat and dry cycles need to be performed. Between each cycle,
air was blown through the monolith core to prevent the channels to be clogged. One of the
disadvantages of this method is that the coating is not uniform, since some channels will
have more particles adsorbed than others, and since the suspension is not homogeneous,
the location of active sites along the monolith core is not homogeneous either. Figure 4.3
shows a picture of a monolith coated with Michelman product, poly (L-lysine) and Lasparagine.
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Figure 4.3 Ceramic monolith core coated with Michelman product, poly (L-lysine)
and L-asparagine (still wet)

4.3 Determination of L-Asparaginase concentration
L-asparaginase, is an enzyme that degrades quickly with minor pH and temperature
changes in the solution. To prevent pH changes the L-asparaginase sample it was dissolved
in a tris-buffer [46]. The choice of buffer was 0.05M tris-HCl buffer, pH 8.5, since it has
been used with L-asparaginase in other studies [13]. In order to prepare the buffer, the
protocol followed was:
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60.55 g of tris were dissolved in 400 mL of distilled water.



The pH of the solution was adjusted to 8.5 using HCl.



The final volume was adjusted to 500 mL using distilled water.



The solution was autoclaved for 15 minutes at 121 degrees Celsius.



The result was a 500 mL stock solution 1M tris-HCl buffer pH 8.5.



25 mL of 1M tris-HCl buffer were dissolved in 500 mL of distilled water.



The solution was autoclaved for 15 minutes at 121 degrees Celsius.



The result was a 500 mL solution 0.05M tris-HCl buffer pH 8.5.
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Figure 4.4 Autoclave Labconco model

Two different approaches were used to determine L-asparaginase concentration
before and after de absorption/elution process.
The first approach was using and UV fluorescence spectrophotometer.
Fluorescence is the emission of light by a substance that has absorbed light or other
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electromagnetic radiation. In most cases, the emitted light has a longer wavelength than
the adsorbed radiation, meaning it has less energy. The wavelength at which the substance
absorbs energy is called excitation wavelength, meanwhile the wavelength at which the
substance emits the energy is called emission wavelength. Once the excitation of the
substance stops, the emission also stops, unlike in phosphorescence, where the substance
continues to emit energy for a short time after the excitation has stopped.
Several studies have used UV-Fluorescence to measure L-asparaginase
concentration. Typically, L-asparaginase will have a maximum emission at 310 nm when
excited with a wavelength of 280 nm. In this work, an spectrometer Horiba Fluoromax-3
with temperature control was used, shown in figure 4.5

Figure 4.5 Horiba Fluoromax-3 with temperature control
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In order to test for UV emission of L-asparaginase, 0.4 mg of L-asparaginase were
dissolved in 2 cm3 of buffer. The sample was placed in the UV cuvette and was excited at
280 nm and the emission spectrum from 200 to 400 nm was recorded, as shown in figure
4.6.
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Figure 4.6 L-asparaginase emission spectrum excited at 280 nm
Figure 4.6 shows that L-asparaginase has a maximum emission peak at 310 nm.
The peak shown at 280 is the excitation beam. The next step was to measure the effect of
concentration. The sample was transferred from the cuvette to a glass bottle and 1 cm3 of
buffer was added. After shaking, a sample of 2 cm3 was taken to measure fluorescence.
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400

After, that, the sample was returned again to the glass bottle and another mL of buffer was
added, repeating the process until the calibration was completed. Figure 4.7 shows the
calibration results, with a linear relation between fluorescence emission and concentration.
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Figure 4.7 L-asparaginase emission spectrum versus dilution

The second approach was to measure the activity of L-asparaginase in international
units, instead of measuring its concentration directly. When L-asparaginase reacts with Lasparagine, L-aspartate is produced along with ammonium, as it was shown in chapter 2.
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Figure 4.8 Mechanism o reaction between L-asparagine and L-asparaginase
An international unit (IU) of L-asparaginase is defined as the amount of enzyme
able to release 1.0 mmol of ammonia from L-asparagine per minute at pH 8.6 and 335 K.
The enzymatic activity of L-asparaginase was measured using L-asparagine as substrate,
analyzing the ammonia produced by Nessler’s method [13]. This method is based on the
chemical reaction:
2𝐾2 𝐻𝑔𝐼4 + 2𝑁𝐻3 → 𝑁𝐻2 𝐻𝑔2 𝐼3 + 𝑁𝐻4 𝐼 + 4𝐾𝐼

The protocol to prepare 1L of Nessler’s reagent (𝐾2 𝐻𝑔𝐼4 ) is:


Dissolve 70g of 𝐾𝐼 in 100 cm3 of distilled water.



Add 100g of 𝐻𝑔𝐼2 in small portions.



Add 160g of 𝑁𝑎𝑂𝐻 dissolved in 500 cm3 of distilled water.



Bring the final volume to 1000 cm3.
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Nessler’s reagent must be kept out of light to prevent degradation.
In order to relate the absorbance of ammonia produced, a calibration was performed
using different concentrations of 𝑁𝐻4 𝐶𝑙. The protocol of the calibration was:


Take 3 cm3 of 𝑁𝐻4 𝐶𝑙 and add 1 mL of Nessler’s reagent solution.



Shake for 30 seconds.



Measure absorbance at 425 nm after 30 minutes.

The UV spectrometer used was a Varian Cary 50 conc, shown in figure 4.9

Figure 4.9 Varian Cary 50 conc UV-vis spectrophotometer
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4.4 Absorption – elution experiments
The experimental setup of the absorption experiments in shown in figure 4.10.

Figure 4.10 Experimental setup for absorption/elution experiments
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The monolith core coated with Michem Prime, poly (L-lysine) and L-asparagine
was introduced in a plastic chromatographic bead column container. Using a peristaltic
pump, Fischer Scientific mini-pump variable flow, L-asparaginase solution was pumped
through the column at a flowrate of 4 cm3/min. Samples were taken from the reservoir
each minute and measured for L-asparaginase concentration.
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Figure 4.11 L-asparaginase absorption experiment 1, measured with UV fluorescence
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50

Figure 4.11 shows the results for experiment 1, measuring L-asparaginase
fluorescence emission.

The results show that after 30 minutes, the L-asparaginase

concentration is constant, which means the absorption equilibrium has been reached.
In order to elute L-asparaginase adsorbed in the column, three different methods
were used. For experiment 1, a solution of 0.1 M NaCl was recirculated through the
column, at a flowrate of 4 cm3/min. Figure 4.12 shows the desorption equilibrium.

180000
160000
140000

Intensity (a.u.)

120000
100000
80000
60000
40000
20000
0
0

100

200

300

400

500

600

700

800

Time (min)

Figure 4.12 Desorption equilibrium using 0.1M NaCl
Desorption equilibrium was reached after 400 minutes. This elution experiment
confirmed that adsorption was reversible and that the L-asparaginase can be eluted from
the column. Circulation of the 0.1M NaCl solution displaced the adsorption/desorption
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equilibrium was displaced, when the same solution was recirculated over time. In a
chromatographic separation the elution process is done by flooding the column with the
elution solution and collecting the output in order to recover a concentrated solution.
In a second experiment, the adsorption process was repeated following the same
procedure as in experiment 1, but for the elution process two different solutions were used.
The first solution used was D-asparagine, because it is an inhibitor of L-asparaginase. The
concentration of this solution was 10-3 M. The second solution was 1M NaCl. The results
are shown in figure 4.13.
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Figure 4.13 Elution Experiment 2
Elution results of experiment 2 show that the peak corresponding to D-asparaine
solution is smaller than the peak corresponding to 1M NaCl. This means that the mount of
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enzyme the enzyme adsorbed by nonspecific hydrophobic bonds was higher than the
amount adsorbed by affinity interactions. In addition, the solution 1M NaCL washed out
the polymer coating of the monolith, meaning that it was too strong be used as eluent. In
order to check if the results were accurate, an analysis of fluorescence of 1M NaCl, 10-3 Dasparagine and Tris-HCl buffer was performed, shown in figure 4.14.
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Figure 4.14 Fluorescence of dilution experiments of L-asparaginase with 1M NaCl, 10-3
D-asparagine and Tris-HCl buffer
Figure 4.14 shows that the fluorescence spectrum behaves differently for each
compound, meaning that when they interact with each other, depending on the quantities,
UV fluorescence is not an accurate way of measuring L-asparaginase concentration.
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The experiments were repeated using Nessler’s reagent as indication of Lasparaginase activity. These experiments were performed following the methodology in
previous studies [13] [14] [47] [48]. The activity of L-asparaginase was measured at t=0,
and computed in terms of international units (IU). Once the solution was running through
the column, a 1 cm3 sample was taken every 5 minutes. In order to calculate the amount
of L-asparaginase adsorbed, it is necessary to take into account the amount of enzyme lost
in each analysis, as shown in equation 4.1.
𝐴𝑠𝑛𝑎𝑑𝑠 = 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑉𝑓𝑖𝑛𝑎𝑙 × 𝐶𝑓𝑖𝑛𝑎𝑙 − ∑ 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 × 𝐶𝑠𝑎𝑚𝑝𝑙𝑒

(4.1)

In order to calculate the amount of L-asparaginase desorbed, the elution volume is
collected in several samples, and each sample is measured for activity, as shown in
equation 4.2.
𝐴𝑠𝑛𝑑𝑒𝑠 = ∑ 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 × 𝐶𝑠𝑎𝑚𝑝𝑙𝑒

(4.2)

Two different amounts of L-asparaginase will be computed: one will be eluted with
D-asparagine (specific adsorption) and the rest will be eluted with NaCl (non-specific
adsorption) [48].
Previous studies have shown that the equivalence of an international unit of Lasparaginase is 3.3×10-5 mmol, and L-asparaginase has a footprint of 1.4×10-6 mmol/cm2.
The internal area of each monolith core, along with the footprint of the L-asparaginase
adsorbed specifically, will allow for the computation of the coverage of the monolith [49]
to [55]. Figure 4.15 through Figure 4.20 contain the different adsorption/elution curves for
each of the experiments analyzed by L-asparaginase activity. Table 4.1 through Table 4.3
contain the different parameters calculated for each experiment.
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Figure 4.15 Activity versus time for adsorption experiment number 1 of L-asparaginase,
with a flowrate of 8 cm3/min
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Figure 4.16 Activity versus time for elution experiment number 1 of L-asparaginase, with
a flowrate of 8 cm3/min
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Figure 4.17 Activity versus time for adsorption experiment number 2 of L-asparaginase,
with a flowrate of 8 cm3/min
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Figure 4.18 Activity versus time for elution experiment number 2 of L-asparaginase, with
a flowrate of 8 cm3/min
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Figure 4.19 Activity versus time for adsorption experiment number 3 of L-asparaginase,
with a flowrate of 3.5 cm3/min
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Figure 4.20 Activity versus time for adsorption experiment number 3 of L-asparaginase,
with a flowrate of 3.5 cm3/min
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Table 4.1 Adsorption-elution characteristics of experiment number 1
L-asparaginase
Initial concentration (IU/cm3)
Initial volume (cm3)

1.81
40.00

Initial L-asparaginase (IU)

72.48

Final concentration (IU/ cm3)

0.63

Final volume (cm3)

28.00

Final L-asparaginase (IU)

17.67

Units lost in analysis (IU)

10.81

L-asparaginase adsorbed specifically (IU)

19.56

L-asparaginase adsorbed (IU)

44.00

L-asparaginase eluted (IU)

36.69

Monolith surface (cm2)

380.00

Surface covered by L-asparaginase (cm2)

461.17

Percentage of monolith covered by L-asparaginase (%)

121.36
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Table 4.2 Adsorption-elution characteristics of experiment number 2
L-asparaginase
Initial concentration (IU/cm3)
Initial volume (cm3)
Initial L-asparaginase (IU)

0.43
40.00
17.28

Final concentration (IU/ cm3)

0.09

Final volume (cm3)

30.00

Final L-asparaginase (IU)
Units lost in analysis (IU)
L-asparaginase adsorbed specifically (IU)
L-asparaginase adsorbed (IU)
L-asparaginase eluted (IU)

2.81
2.29
8.21
12.18
11.52

Monolith surface (cm2)

380.00

Surface covered by L-asparaginase (cm2)

287.10

Percentage of monolith covered by L-asparaginase (%)
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75.55

Table 4.3 Adsorption-elution characteristics of experiment number 3
L-asparaginase
Initial concentration (IU/cm3)
Initial volume (cm3)
Initial L-asparaginase (IU)

1.24
40.00
49.63

Final concentration (IU/ cm3)

0.88

Final volume (cm3)

30.00

Final L-asparaginase (IU)
Units lost in analysis (IU)
L-asparaginase adsorbed specifically (IU)
L-asparaginase adsorbed (IU)
L-asparaginase eluted (IU)

26.50
10.17
10.45
12.96
12.91

Monolith surface (cm2)

380.00

Surface covered by L-asparaginase (cm2)

305.60

Percentage of monolith covered by L-asparaginase (%)

80.42

In all experiments, the amount of L-asparaginase eluted is similar to the amount
adsorbed, indicating that it is possible to retrieve the enzyme without denaturalizing it,
since it is still active after the elution. Experiments 1 and 2 were performed with a flowrate
of 8 cm3/min while experiment 3 was performed with a flowrate of 3.5 cm3/min. The
surface covered by enzyme is different in each experiment, due to the non-uniformity of
the coating. In addition, some of the enzyme adsorbed non-specifically could be blocking
some of the active sites. In all experiments, there was enzyme in the monolith after the
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elution because the last elution sample in all of them still have enzymatic activity. In
experiment number 1, the surface covered by the enzyme adsorbed specifically is greater
than the monolith surface. This could be due to some of the monolith channels being
clogged during the adsorption experiments, and then unclogged during the elution,
increasing the amount of enzyme released but being unattached specifically to the active
sites. All experiments have experimental error due to the Nessler’s reagent analysis, since
an increase in the measurement time between samples leads to higher readings in the UV
spectrophotometer.
Overall, these results indicate that the system developed in this research can be used
in affinity chromatography separations.
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CHAPTER FIVE

5. Conclusions and future work

5.1 Conclusions
This dissertation presents a new approach in the use of ceramic monoliths as
support in affinity chromatography.
Chapter One described how chromatography is used to purify biomolecules and
how affinity chromatography can be used to separate complex mixtures of biomolecules.
This chapter also presented how affinity chromatography can reduce the time of biological
purifications due to its specific interactions between the ligand and the target molecule.
Chapter Two explained how the chromatographic system was developed and the
function of each of the elements and their importance, while Chapter Three showed the
experimental results of the synthesis of each of the elements of the chromatographic
system. It was explained how the monolith was successfully coated with the Michem
Prime product, in its pure form and coupled with poly-(L)-lysine, how the poly-(L)-lysine
was synthetized, being able to select its length, how L-asparagine was coupled to poly-(L)lysine, and the final setup with all the elements coupled together.
Finally, in Chapter Four it was shown how the chromatographic system was set up,
including the size adjustment of the monolith to fit in the desired chromatographic column.
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It was also shown that the designed system is capable of adsorbing L-asparaginase and then
desorbing it, but further analysis need to be performed in order to optimize the flowrate for
adsorption and elution experiments, and also for the composition of the stationary phase.

5.2 Future work
There are several factors that need further study with respect to this research.
Due to the low amount of L-asparaginase used for this research, more experiments
need to be performed in order to determine the concentration range with optimum
adsorption performance.
Since the coupling of the ligand to the spacer arm is based on EDC/NHS reaction,
its randomness leads to some columns performing better than others, because the
distribution of active sites along the column is not uniform. It would be interesting to
develop a coupling method that allows control of how the ligand is coupled with the spacer
arm so the distribution of active sites is known [56].
The adsorption/elution experiments were performed using only L-asparaginase
solution in buffer. It is necessary to run a mixture of enzymes and proteins through the
column to check that only L-asparaginase gets adsorbed, or if any enzyme gets trapped in
the column due to hydrogen bonds.
It would be interesting to see the influence of flow rate in the adsorption and the
elution of the enzyme.

Previous studies show that higher flowrates lead to faster
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adsorptions, but using the methodology developed in this study it is unknown if a higher
flowrate will affect the coating of the monolith since it is not uniform.
Another key aspect that needs further development is that the composition of
Michem Prime suspension is unknown. In order to reproduce these results, it is necessary
to use the same type of suspension. It would be interesting to synthetize a similar
suspension with known composition, in order to create a more uniform coating of the
monoliths.
Another application that needs to be studied is if this technique can be applied using
a different ligand-biomolecule interaction, for example, instead of adsorbing enzymes, try
to separate protein mixtures, antibodies, or even DNA, using metal chelate affinity
chromatography [57] to [66].
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APPENDIX

A.1 IR Spectra Michelman Products

Figure A.1 IR spectrum Michelman 4983-40R
Figure A.1 shows the IR spectrum of a dry slab of Michelman product 4983-40R.
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Figure A.2 IR spectrum Michelman 4983-40R coated onto monolith slab
Figure A.2 shows the IR spectrum of Michelman coated onto a monolith slab.
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Figure A.3 IR spectrum Michelman 4983-40R coated onto monolith slab
Figure A.3 shows the IR spectrum of Michelman coated onto a monolith slab.
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Figure A.4 IR spectrum Michelman 4983-40R coated onto monolith slab, reaction 1
Figure A.4 shows the IR spectrum of Michelman coated onto a monolith slab, after
trying to couple it with poly (L-lysine), trial 1.
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Figure A.5 IR spectrum Michelman 4983-40R coated onto monolith slab, reaction 1
Figure A.5 shows the IR spectrum of Michelman coated onto a monolith slab, after
trying to couple it with poly (L-lysine), trial 2.
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Figure A.6 IR spectrum of Michelman coupled with poly (L-lysine) and L-asparagine,
coated onto a microscope slide
Figure A.6 shows the IR spectrum of Michelman coupled with poly (L-lysine) and
L-asparagine, coated onto a microscope slide.
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Figure A.7 Comparison IR spectrum of two monolith slabs coated with Michelman 498340R having different thickness
Figure A.7 shows the comparison IR spectrum of two monolith slabs coated with
Michelman 4983-40R having different thickness.
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Figure A.8 IR spectrum of Michelman 4983-40R in pellet form
Figure A.8 shows the comparison IR spectrum of Michelman 4983-40R in pellet
form.
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A.2 1H NMR spectra
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Figure A.9 1H NMR of protected poly (L-lysine) in TFA
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Figure A.10 1H NMR of deprotected poly (L-lysine) in TFA
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Figure A.11 1H NMR of deprotected poly (L-lysine) in TFA
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Figure A.12 1H NMR of deprotected poly (L-lysine) coupled with L-asparagine in TFA
Figure A.12 shows 1H NMR of deprotected poly (L-lysine) in coupled with Lasparagine TFA. This spectrum was taken while the NMR was malfunctioning, that is the
reason of the wide peaks.
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Figure A.13 1H NMR of protected poly (L-lysine) coupled with L-asparagine in DMSO
Figure A.13 shows 1H NMR of protected poly (L-lysine) in coupled with Lasparagine TFA. This spectrum was taken while the NMR was malfunctioning, that is the
reason of the wide peaks.
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Figure A.14 1H NMR of deprotected poly (L-lysine) coupled with L-asparagine in DMSO
Figure A.14 shows 1H NMR of deprotected poly (L-lysine) in coupled with Lasparagine TFA. This spectrum was taken while the NMR was malfunctioning, that is the
reason of the wide peaks.
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Figure A.15 2D1H NMR of deprotected poly (L-lysine) coupled with L-asparagine in
DMSO, with signal to noise ratio two low.
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